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ABSTRACT

In this thesis, a microwave plasma-enhanced chemical vapor deposition (MPECVD)
apparatus has been constructed at Surface Physics and Laser Laboratory, Department of Physics,
King Mongkut’s Institute of Technology Ladkrabang. The goal of this research is to prepare
nanocrystalline diamond (NCD) films from the constructed apparatus. This research has two main
objectives. The first one is to design, construct, and develop the MPECVD apparatus for
depositing NCD films. The second one is to study and understand growth mechanisms of the
NCD films. The purpose-designed and built MPECVD apparatus is composed of three parts: a
plasma reactor for precursor-vapor production and deposition, a part for microwave power
generation and transfer of the power to the reactor, and a gas injection with a pressure control
system. The deposited films were structurally characterized by field emission scanning electron
microscopy, Raman spectroscopy, and whitelight reflectometry. In situ gas-phase species,
including electron density, present in the plasma environment were monitored and measured
during the growth process by optical emission spectroscopy and plasma impedance
measurements. Morphology and composition of the deposited films and the gas-phase species
were correlated to specify the growth mechanisms.

The purpose-built MPECVD reactor is successfully used to grow NCD films. The NCD
films were deposited using a CH,/H, gas mixture. The factors influencing the morphology and
atomic-bonding structure of the films were studied. These factors are surface pretreatment
method, two-step approach deposition, value of plasma impedance, reactor pressure, and methane
concentration. The substrate surface pretreated by manual polishing with diamond powder caused

the more surface energy to increase, that resulted in bettering the film formation sticky. In

I



addition to the surface pretreatment, the films were carried out under a two-step deposition
process enhanced the film formation continuous and smooth. The two-step process also increased
growth kinetics. The growth rate increased from 430 nm/h for a single-step process to 600 nm/h
for a two-step process. Whereas plasma impedance did not affect the growth kinetics but it
affected the quality of the films. The plasma impedance that resulted in electron density in the
plasma increasing promoted more sps-bonded carbon content in the films. The promoted sps-
bonded carbon content resulted in diamond peak shifting from 1325 to 1328.5 cm’ and refractive
index increasing from 1.84 to 2.16.

In addition, the increased reactor pressure enhanced the growth kinetics. The growth rate
increased from 320 nm/h for 2 kPa to 450 nm/h for 25 kPa. The films grown at 1 and 2 kPa were
highly light absorbing material but the films grown at 5, 9, and 25 kPa were not. The refractive
indexes of the films were 2.15 for 5 kPa, 2.21 for 9 kPa, and 2.38 for 25 kPa. However, Raman
spectra showed the grain size of the films increased with increasing reactor pressure. The
crystallite size of the films can be reduced by increasing methane concentration. The increased
methane concentration encouraged C, radicals but discouraged CH radicals in the plasma. C,
radicals did not play a role in the growth kinetics but bettered a renucleation rate. Raman spectra
with decreasing intensity of the 1140 cm’ peak revealed that the increasing methane
concentration from 1.5% to 4.0% caused the phase transition from nanocrystallize to ultra-

nanocrystallize diamond.

Keywords : Nanocrystalline diamond, Microwave plasma, Plasma impedance measurements,

Raman spectroscopy, and White-light reflectometry.
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CHAPTER 1
INTRODUCTION

1.1. Motivation

In recent years, diamond films have become an increasing attention material because of
their extreme and in many case superlative properties [1]. The particular nanocrystalline diamond
(NCD) films have been identified as a potentially useful material more than microcrystalline
diamond (MCD) films in such fields of science and technology as micro- and nano-
electromechanical devices [2, 3], field emission device applications [4] as well as optical and

biomedical applications [5, 6].

In addition to the remarkable properties of the NCD films, the motivation of this research
has also come from a requirement of my laboratory (Surface Physics and Laser Research
Laboratory, Department of Physics, Faculty of Science, King Mongkut’s Institute of Technology
Ladkrabang) to increase potential in experience for thin film deposition. Chemical vapor
deposition (CVD) has been widely used for material-processing technology and depositing a very
wide range of materials [7]. Concurrent with my laboratory interests in the plasma application and
has experienced for several years in construction of the microwave-induced plasma source.
Therefore, the synthesis of NCD films by microwave plasma-enhanced chemical vapor deposition
(MPECVD) technique has been selected for this research. The MPECVD reactor will be
constructed for preparing the NCD films at Surface Physics and Laser Research Laboratory.

1.2. Objectives of Thesis

Specific objectives for this thesis are as follows:

1) To design and construct a MPECVD reactor for preparation of diamond and NCD films.
2) To develop the constructed MPECVD reactor to provide desired properties of the films.

3) To synthesis diamond and NCD films by the purpose-built MPECVD reactor and then

characterize them.

4) To study and understand the growth mechanisms of the films.



5) To apply the spectral line ratio method for resolved measurements of relative values of

electron temperature.

6) To apply the values of plasma impedance for resolved measurements of relative value of

electron density and temperature.

7) To investigate the optical emission intensities of gas-phase species and plasma

impedance affecting on the film properties.

8) To correlate gas-phase species present in the plasma with the resulting characterization of

the NCD films grown.

1.3. Research Background

Diamond possesses many technically useful properties: excellent thermal conductivity,
high dielectric strength, optical transparency down to the deep UV part of the spectrum, and
chemical inertness. For over three decades, research was primarily focused on MCD films [8].
The MCD films consist of large grain (5-10 pm) and rough surfaces thereby limit its applications.
The limited applications of MCD films have been surpassed by synthesizing a new class of
material known as nanocrystalline diamond (NCD) films. The NCD films have recently attracted
considerable interest as they overcome [9]. One of the great problems of MCD films is the great
surface roughness [10, 11]. The NCD films have certain properties distinct from MCD films such
as smaller grain size, higher grain boundary density, higher degree of sp2 carbon content,
smoother surface morphology, and modifiable surface structures. These properties have resulted
in significant improvements in important properties for specific applications such as tribology,
optics, and biomedicine. The properties of NCD film strongly depend on each deposition
technique as well as operating conditions for the growth.

Nanocrystalline diamond films can be synthesized by a variety of CVD techniques using
carbon containing precursor gas mixture [12, 13]. Among them, the microwave plasma-enhanced
chemical vapor deposition (MPECVD) technique has proved to be convenient strategy for the
coating of various substrates and an efficient over other techniques [14-16]. The NCD films
consist of diamond crystals surrounded by few atomic layers of non-diamond carbon compounds
as amorphous carbon, trans-poly acetylene, and graphite [17]. The diamond crystal morphology

as well as the non-diamond matrix is defined by the growth conditions as seeding density, gas



mixture, pressure, temperature, and energy of particles. In addition, for MPECVD technique, an
impedance tuning is also one of the important process parameters leading to encounter a problem

of accurate control of the plasma process.

1.4. Problem Statement

The challenge for the thesis requires a start-to-finish effort, from the design, construction,
and developments of the deposition system that can deposit desired and uniform NCD films to
characterize the films and diagnose the plasma finally. The plasma diagnoses, including
measurements of plasma impedance, contribute to control plasma chemistry affecting the film
properties. Correlation between material grown and gas-phase species present in the plasma is an
important step in understanding and specifying the growth mechanism of the films. Although
there have many reports on the growth mechanism of NCD film, the growth mechanism is still
controversial. Indeed, it is difficult to define even particular forms of the NCD films due to the

variation between laboratories and even reactor designs.

1.5. Thesis Scope

This thesis focuses attention on the design and development of a configuration of a
MPECVD reactor to provide good efficiency of power transfer from a microwave generator to
plasma reactor and to control uniformity of the film deposition. It also focuses on various aspects
of nucleation, growth, and characterizations of the NCD films. The in situ gas-phase species are
monitored by an optical emission spectrometer and an impedance analyzer. The effect of plasma
impedance associated with electron density in the plasma on the plasma chemistry as well as film
properties is also examined. The synthesized films are mainly characterized by field emission
scanning electron microscopy, Raman spectroscopy, and white light reflectometry. In order to
fully exploit NCD, a greater understanding and identifying of the CVD growth process is

essential to produce a material suitable for specific applications.

1.6. Thesis Outline

Not including this introductory chapter, the thesis has five chapters. Chapter 2 contains
literature review and reviews the description of CVD reactors, mechanism growth of diamond
films, plasma diagnostic techniques and film characterization techniques. Chapter 3 covers the

technical details of the experimental setup. In chapter 4, the characteristics of the purpose-



designed and built MPECVD apparatus and the influence of the operating condition on the

plasma properties will be characterized and examined. Chapter 5 presents the NCD film

characterizations. Finally, the conclusion is described in the sixth chapter.
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CHAPTER 2

THEORETICAL BACKGROUND

The major objective of this thesis is to design and build a MPECVD reactor for deposition
of NCD films. The other objective is also to understand the mechanisms of chemical processes
that are crucial to be key parameters for the growth. The correlation between films grown and
gas-phase chemistry present in the plasma is more important to specify which mechanisms
determine diamond formation. In this chapter, the important theories will be presented and

discussed.

2.1 Literature Reviews of CVD Diamond

Diamond has been prized for centuries as a gemstone of exceptional brilliance and luster.
But to a scientist diamond is a semiconductor and interesting for its range of exceptional and
extreme properties [1], such as high breakdown field, high saturation velocity, high carrier
mobility, and the highest thermal conductivity of all materials. This makes diamond extreme in
the group of wide-bandgap semiconductors, which includes e.g., silicon carbide (SiC) and gallium
nitride (GaN). Diamond electronic devices, such as power diodes and high-frequency field effect
transistors, could in principle deliver outstanding performance due to diamond’s excellent
intrinsic properties. Other applications where diamond is expected to excel include radiation
detectors, neutron detectors, X-ray optics, biological applications, IR sensors etc. [2-4]. It is
considered to be the material for future power electronic devices and for extreme conditions.

In fact, bulk diamond cannot be effectively engineered into the many physical
configurations required to exploit all desired combinations of its properties. Hence, several
researchers have investigated suitable alternative methods to produce synthetic diamond. The
development in the synthesis of diamond leads to the ability to grow diamond in the form of thin
films or coating on a variety of shapes with controlled grain size and enables the exploitation of
more combinations of the extreme properties of diamond for the specific applications.

Diamond synthesis can be achieved through several techniques. The two main techniques
are high-pressure high-temperature synthesis (HPHT) and chemical vapor deposition (CVD). The
first public announcement of successful diamond synthesis was made by the General Electric
Corporation in 1955. The diamond was synthesized by HPHT technique [S] in which diamond

was synthesized from metal solvated carbon at pressures of ~55,000 atmospheres and



temperatures of ~ 1800 °c. However, HPHT diamond invariably contains many crystal defects
and impurities. CVD diamond, on the other hand, can be grown under conditions of high purity
resulting in fewer impurities. The first attempt at creating diamond using this process was
reported by Eversole in 1949 [6]. In 1952, William G. Eversole [7] of the Union Carbide
Corporation reported the first successful growth of diamond using a low-pressure CVD technique
in which pressures of less than an atmosphere and temperatures of around 800-1000 °C [8].
Eversole had actually succeeded in late 1952, even before results of the HPHT technique were
published.

The last two decades have witnessed an increasing interest in CVD diamond film growth.
This is essentially due to two reasons: the unique physical properties of diamond and the
spectacular technical advancement achieved by CVD techniques [9]. The CVD technique
involves a gas-phase chemical reaction occurring above a solid surface causing deposition onto
the surface. Although early reports about the successful CVD of diamond films under low
pressure and moderately elevated temperatures in the region of thermodynamic instability were
skeptically taken by some scientists. This technique was not also very effective since large
amounts of graphite were co-deposited with diamond and growth rates were extremely low.
However, Eversole’s work was followed up by Angus and co-workers who provided evidence of
the use of atomic H (atomic hydrogen) as an etchant for graphite [10]. In addition, in 1982,
Matsumoto et al. [11, 12] made a breakthrough in CVD diamond technology. They used hot
filament (~ 2000°C) to directly activate hydrogen and hydrocarbon which were passed through a
hot-filament technique. The adding atomic-H to the CVD process stabilizes the
thermodynamically metastable diamond surfaces and promotes diamond growth, preferentially
etching non-diamond carbon deposits and bettering growth rates of one pm.h'] [13]. Since then,
various activating methods for diamond CVD such as DC-plasma, RF-plasma, microwave
plasma, electron cyclotron resonance-microwave enhanced plasma CVD (ECR-MPECVD), and

their modifications have been established.

2.2 Phase Diagram of Carbon-based Materials

CVD has been widely accepted as an ideal deposition technique to grow diamond films;
however, the CVD diamond growth is difficult due to its metastable nature (i.e., kinetically stable
but not thermodynamically stable). The deposition conditions favor nucleation of both diamond

and graphite crystals. Phase diagram of carbon-based materials is shown in Figure 2.1 [14].
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intensity squared. The total irradiance at a given point in space that is due to the superposition of

the electric field intensity from two sources emitting parallel waves of the same frequency is
1(A)=1(A)+ L, (1) + 21, (A) I, (1) cos Ap(A) (2.32),

where I; and I,are the irradiances of the two sources and A¢ is the phase difference resulting
from the path difference between the sources. The waves completely overlap and then the

irradiance is a maximum when the phase difference is

Ap(A)=2Mn, M=012,. (2.33).

From the relation between phase difference and the optical path difference, AOPD , therefore,

constructive interference (i.e., maxima) occurs when the following relation is satisfied:

2M = =27”AOPD(,1)

(2.34).
M represents the maximum number. This calculation assumes that the index of refraction is
independent of light wavelength. We can perform a number of mathematical steps to rearrange

this in the form of a linear equation of the form y =mx +b.

y=-M
2nd (2.35).

Analysis of the wavelength position of the minima or maxima shown in Figure 2.20 can
determine either the thin film’s thickness (with the known refractive index of the film) or its
refractive index (with the known film thickness). The phase of white-light fringes is dependent on
wave number in the same manner that the phase of monochromatic light fringes (produced with a
He-Ne laser, for example) is dependent on path-length difference. In other words, the appearance
of fringes at the output of the spectrograph occurs because the monochromatic components of the
white light interfere with different phase with respect to each other.

For this thesis, the refractive index n of the diamond films are determined by reflectance
spectra. The low value of n as compared with to bulk diamond but also to polycrystalline CVD
diamond films (2.41) and the high absorption have been explained by the nanocomposite matrix
of the films [121]. The presence of an amorphous carbon matrix lower the index and leads, as it

. 2 .
contains also sp™ carbon, to absorption.
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CHAPTER 3

EXPERIMENTAL SETUP

In this chapter the design of a MPECVD reactor used for the deposition of diamond films
will be described, including its gas supply system, microwave power supply, baseplate, etc. The
present chapter will also look at the plasma diagnostic techniques, film characterizations
including laboratory set-up for a visible light reflectometer and a contact angle measuring
instrument. The in-situ optical emission spectroscopy and measurements of plasma impedance
have been chosen to diagnosis the plasma. The morphology and lateral structure of the films were
investigated by field emission-scanning electron microscopy (FE-SEM). The surface composition
and structure of the diamond film were analyzed by Auger electron spectroscopy (AES), energy

dispersive X-ray spectroscopy (EDS), Raman spectroscopy, and white light reflectometry.

3.1 The Microwave Plasma-enhanced Chemical Vapor Deposition System

A schematic diagram of a MPEVCD bell-jar reactor system designed and constructed at
Surface Physics and Laser Research Laboratory is shown in Figure 3.1 and a cross-section
drawing of its section is shown in Figure 3.2. The MPECVD reactor system consists of several
subsystems, including a microwave coupling subsystem. Microwave power with a frequency of
2.45 GHz was generated using a Sharp 2M167B-M10 900 W air-cooled magnetron powered by a
laboratory-made microwave power supply. The magnetron was coupled to a standard WR340
rectangular waveguide at the one end and microwaves propagate in a fundamental mode of TE, .
A moveable short terminated at the other end adjusted the resonant cavity of the rectangular

waveguide. A marker indicated a position of this moveable short.
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CHAPTER 5

SYNTHESIS AND CHARACTERIZATIONS OF

NANOCRYSTALLINE DIAMOND FILMS

In the deposition of diamond and nanocrystalline diamond (NCD) films, nucleation and
growth are a vital step. The desired morphology combined with controlled composition of NCD
films greatly depends on the conditions for nucleation and growth steps [1]. The nucleation and
growth dynamics of CVD diamond films involve gas-surface reaction and plasma chemistry.
Therefore, topography of substrate surfaces as well as gas-phase species environment of the
plasma powerfully influences the CVD diamond films to form on the substrate. Its effect on the
nucleation density and film formation will be also examined. The influence of the operating
conditions for generating plasma of the MPECVD apparatus such as reactor pressure, gas
composition, and microwave power on properties of diamond films will be investigated. FE-
SEM, Raman spectroscopy, and white-light reflectometry are main techniques used to
characterize the deposited films.

This thesis also focuses on graphitization to specify morphological and structural changes
related to gas-phase species present in deposition environment. Such gas-phase species, including
electrons, were in situ and real-time monitored via an optical emission spectrometer and STHT
2.45 GHz automatic impedance analyzer and matching system (STHT 2.45 GHz AIAMS)
Relative concentrations of such gas-phase species that explain an average crystal size,
morphologies of subsequent films, and probability of a renucleation event occurrence for

diamond growth will be also discussed.

5.1 Nucleation and Growth Dynamics of Diamond Films

The first difficulty that arises from the attempt to grow diamond on foreign substrates is
that a continuous diamond film cannot be deposited unless a proper nucleation step precedes the
growth. After a non-diamond substrate has been exposed to proper growth conditions without a

nucleation procedure only a few isolated diamond crystallites (~10%-10° cm™) will be found [2].
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This is due to a combinations of factors such as the high surface energy of diamond relative to
silicon (6 Yem’ to 1.5 J/cmz, respectively) [3], the relatively low sticking coefficient of gaseous
precursors, and the competition of nondiamond phases. The initial nucleation density can greatly
affect the subsequent microstructural development of CVD diamond films. The nucleation density
depends on the number of activated nucleation sites available on the substrate surface. A higher
initial nucleation density leads to shorter coalescence time and lower surface roughness.

To clarify the beginning of the deposition process, this thesis also focuses on surface
studies of the kinetics of diamond nucleation and growth process on Si(100) substrate combined
with FE-SEM observations. Three kinds of mirror-polished Si wafer substrates were used as
follows: non-polishing, ultrasonic polishing with 0-3 micro-size diamond powder suspended in
isopropyl, and manual polishing with 0-1/2 micro-size diamond powder mixed in minute
isopropyl. The éffect of polishing method on time-dependent nuclei density and formation of the
films will be investigated. The surface pretreatment method affecting the surface energy will be

also displayed via measuring contact angle.

5.1.1 Design of Experiment

The purpose of this experiment is to investigate time dependence of the nuclei density and
diamond film formation on mirror-polished Si substrates scratched by two methods: manual and
ultrasonic polishing. The deposition was performed under various process times: 15, 30, 45, 60,
120, and 360 min. The surfaces of substratess were pretreated with different methods: non-
polishing, ultrasonic polishing with a 0—3 micro-size diamond powder suspension in isopropanol
in ultrasonic bath, and manual polishing with 0—1/2 micro-size diamond powder mixed in minute
isopropanol. A gas mixture was used with 0.75%CH, in H, at a total mass flow rate of 200 sccm
and a reactor pressure around 20 kPa. The absorbed microwave power measured by the STHT
2.45 GHz AIAMS was around 600 W. Under these operating conditions, the substrate
temperature was achieved by microwave induction around 780 °C. The substrates were cleaned

by piranha clean procedure. Then a pretreatment of the substrate surface was performed by either
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emission intensity of gas-phase species measured by optical emission spectroscopy (OES)
directly relates to the density of the species.

Regarding the relative changes of n_ as a function of the reactor pressure shown in Figure
5.28, it can be speculated that trend of atomic-H concentration increased as the pressure increased
from 1 to 2 kPa. After 2 kPa, the trend rapidly decreased and then gradually increased at the
reactor pressure higher than 9 kPa. In contrast to that at 25 kPa, atomic-H concentration at 1 kPa
decreased due to too low gas-molecule density. For the CVD growth of diamond films, H atoms
(H radicals) in the plasma are consumed by two main reactions [24] . The first one is the
dehydrogenation-dissociation reaction to produce the precursor of diamond growth. This reaction
caused H radicals to reduce when CH, gas was added into H, plasma, shown in Figure 5.28. The
second one is gas-surface reactions, involving H abstraction to form surface sites and subsequent
reactions of these sites with H radicals. According to Langmuir isotherm [29], the coverage
fraction of H radicals at high pressure is higher than at low pressure. However, it also is affected
by concentration of the radicals. Indeed, n, is not only proportional to the residue of H radical
from these reactions but also in inverse relation to the coverage fraction of H radicals.

Figure 5.28 also shows ratios of in situ optical emission intensities of CH (431.0 nm) to Hp
(486.1 nm), I(CH)/I(HB), as a function of the pressure. CH, radical that plays a role in the growth
mechanism can be inferred from CH radical. Although OES cannot provide quantitative
information, the emission intensities are still carried out to confirm the relative changes of gas-
phase species in the plasma [30]. As shown in the figure, I(CH)/1(Hp) in nucleation step was in
inverse relation to the relative changes of n, in H,-plasma step; as the H-radical residue,
mentioned in the previous section, was not. These results indicated that the lower initial-residue

of H radicals in the plasma increases CH, density in nucleation step.

5.5.6 NCD Films and Gas-phase Species
Considering the results as depicted in Figure 5.25 and Figure 5.28, the growth rate as
function of the reactor pressure changed in an inverse manner to the relative change of n, for H,-

plasma step. On the other hand, it changed on the same manner to the coverage fraction of H
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radical on the growth surface. This implied that the initial coverage-fraction promotes the
diamond growth kinetics and demotes the renucleation rate. In addition, the growth rate also
changed in the same manner to the I(CH)/I(Hp) ratio for the nucleation step. Trend of this ratio
can be indicative of trend of amount of the surface-radical sites for carbon containing radical to
absorb. These amounts proportionally depend on the initial coverage fraction of atomic H on the
surface.

Raman spectra, as shown in Figure 5.26, also related to the intensity ratio, as shown in
Figure 5.28. The sps-bonded carbon content and diamond grain size of the NCD films directly
related with I(CH)/I(Hp) ratio in the growth step. This result confirmed that C, hydrocarbon
radicals (CH, radicals) are precursors of sp’ diamond phase for the growth. The changing of these
gas-phase species in each step-deposition process can explain pressure dependence of the growth
rate, sp2 and sp3 carbon content of the subsequent film, and the probability of a renucleation event

occurrence.

5.5.7 Summary

This experiment focused on the influence of reactor pressure on the morphology, growth
rate, grain size, atomic-bonding structure, and optical properties of NCD films as well as the gas-
phase species, including electron density, in plasma. The NCD films were prepared by a
MPECVD technique with CH,/H, precursor mixture and two-step approach. Before the beginning
of deposition, the Si(100) substrate surface was also cleaned by in situ H,-plasma. The deposition
for the films was performed under reactor pressures of 1, 2, 5, 9, and 25 kPa. As the reactor
pressure increased, the surface smoothness and diamond grain size of the films increased while
amorphous carbon content decreased. The pressure influenced the refractive index of the NCD
films: 2.38 for 25 kPa, 2.21 for 9 kPa and 2.16 for 5 kPa. However, the NCD films grown under
1 and 2 kPa provided highly light absorption. The growth rates rapidly decreased from 370 to 320
nm/h when the reactor pressure increased from 1 to 2 kPa. As the pressure increased to 9 kPa, the

growth rate rapidly increased to 460 nm/h and then decreased with a much slow rate after 9 kPa.
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Correlation between materials grown and gas-phase species present in the plasma is
important to identify the species driving the process mechanism. The growth rates were in inverse
proportion to the n, relative changes extracted from measurements of plasma impedance in the
H,-plasma step. However, they directly related to the I(CH)/I(HB) ratio in the nucleation step.
These behaviors revealed that the surface-coverage fraction of H radicals occurring during the H,-
plasma cleaning step and the density ratio of CH, radical to H radical for the nucleation step were
important to determine the growth rate of the film deposition. Furthermore, the diamond grain
size and sp3 carbon content in the films strongly depended on the I(CH)/I(HB) ratio for the growth
step. This result confirmed that C, hydrocarbon radicals were precursors of sp3 diamond phase for
the growth of diamond.

The reactor pressure influenced not only concentration of the decomposed radicals but also
the coverage fraction of the radicals on the growth surface. The concentration of the radicals and
the surface-coverage fraction of radicals manipulated diamond growth kinetics. Generally, the
concentration of the decomposed radicals, including H and CH, radicals, are proportional to the
reactor pressure. Those radicals increased not only growth rate but also sp3 carbon content in the
films. However, only increasing CH, radicals in the gas led to more grain boundaries, sp2 carbon

content, and phase transition unless the atomic-H density increased as well.

5.6 Plasma Impedance Tuning Effect on Nanostructured Diamond Films

In MPECVD apparatus, one of the important process parameters leading to encounter a
problem of accurate control of the plasma process is an impedance tuning. Typical MPECVD
apparatus consists of only matching system (microwave stub tuner). The MPECVD apparatus,
which consists of both an impedance analyzer and matching system, can monitor and manipulate
plasma impedance simultaneously. The plasma acts as an electrical load of the microwave circuit.
The changing of its physical and chemical properties becomes appearing as those of plasma
impedance. The plasma impedance has influenced chemical-process mechanisms occurring in a
gas-phase environment to produce precursors for the film growth. Therefore, the monitor and

manipulation of the plasma impedance can give an insight in further understanding and



147

controlling the growth process. As reported by Muller et al. [31], plasma-working conditions
affect plasma impedance associating with electron density in the plasma. In addition, Hosomi et
al. [32, 33] reported the effect of the xenon addition into CH,-H, plasma on plasma impedance
and diamond film growth. They suggested the xenon addition increases electron density
promoting atomic-H and CH, radical in the gas phase.

This work focuses on influence of impedance of the plasma on the morphology and atomic-
bond structure of NCD films prepared by a MPECVD technique. We found experimentally that
when all process parameters, including absorbed microwave power, were keeping constant, the
films grown with two values of plasma impedance differed in formation and optical properties.
These two values of plasma impedance can be realized by the matching system that is a three-stub
tuner immersed in the waveguide and were found to confer on the same stability to the plasma.
The films were examined by FE-SEM, Raman spectroscopy, and white light reflectometry. Gas-
phase species in the plasma was monitored by OES and electron density was examined from
plasma impedance measured by an impedance analyzer. The effect of plasma impedance on
plasma chemistry as well as morphology and atomic-bonding structure of the films is discussed.
To our knowledge the study, which covers the morphology and structure of the films as well as
plasma chemistry dependence of diamond film growth on plasma impedance changed by
matching system, is not present in the literature. The results of this present are expected to

contribute the science and technology of diamond growth with MPECVD technique.

5.6.1 Design of Experiment

The H, plasma was carried out for offering the first insight into correlation between Z_ and
n,. It was operated with a H, mass flow rate of 200 sccm and a reactor pressure of 5 kPa. Its
plasma impedance and optical emission intensities were measured under various microwave
power. The impedance of the mixture of 0.9%CH, in H, plasma as a function of microwave
power was also investigated.

Two NCD films were grown under two values of plasma impedance while all other

conditions were kept constant. The two values of plasma impedance induced two plasma modes:
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a low electron density and a high electron density. The plasma impedance was controlled via
insertion depths of a three-stub tuner. The films were deposited on mirror-polished and B-doped
Si(100) substrates from CH,-H, gas mixture. The pre-treatment of the substrates was prepared by
mechanically polishing the surface using 0-1/2 pm diamond powder/iso-propanal solution for 1 h.
The substrates were further in situ cleaned by H, plasma for 20 min before the nucleation step
was begun. The nanodiamond films were grown by the two-step approach with decreasing
methane concentration from 2.0% for the nucleation step to 0.9% for the growth step. The process
time for the nucleation step was 12 min and that for the growth step 6 h. The absorbed microwave
power was 740 - 760 W, a reactor pressure was 5 kPa, and a total gas flow rate was 200 sccm.
Under these conditions, the substrate temperature due to microwave induction heating and
plasma-gas collision was achieved at 830 - 850 °C. It was measured by a chromel-alumel
thermocouple contacted at the back of the substrate.

The surface morphology and thickness of the deposited films were examined by FE-SEM
(Hitachi S-4700). Micro-Raman spectroscopy (Renishaw inVia Raman microscope) at room
temperature using an Ar-ion laser A=514.5nmwas employed for bonding-structure
characterization of the deposited films. The optical properties were also characterized using white

light reflection spectroscopy (reflectometry).

5.6.2 Plasma Chemistry

Figure 5.29 shows normalized plasma impedance at all process steps for the two plasma
modes: low and high electron density modes. The mode of plasma was altered by adjusting
insertion depths of the three-stub tuner in the matching system. Compared to the case of the
increasing microwave power, as described in section 4.3.1.1, th¢ case of the adjusting depths of
the tuner showed a change in the impedance value of plasma. This adjustment decreased the
inductive component of Z, . The lowering of the inductive value suggested an increasing electron
density shown in Figure 5.30. This figure also shows the relative changes of electron density for
the both plasma modes in all process steps. For H,-plasma cleaning step, the H-atomic

concentration at the high n, plasma mode was higher than that of the other one by about two
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X e % iz
H..
Here [CH3]and [H]are the methyl and atomic hydrogen concentrations at the surface. In
addition, this model suggests that a renucleation site outcome from the reaction on surface of two
hydrocarbon species absorbed on adjacent surface sites. Clearly, our experimental data showed
that the change of plasma impedance to higher electron density increased atomic H (H radical) in
the plasma and decreased hydrocarbon species absorbed on the surface. This results in
characteristics of the films.

On the other hand, the relation between the relative defect density and growth rate
demonstrates that electron density enhanced film quality owing to the H radical concentration as a
function of electron density. The increasing H radical encourages hydrogen-etching increment.
Although the increasing atomic-H also increases the formation of cluster necessary for diamond
growth, especially CH, radicals with the gas-phase reaction of CH, + H — CH, + H,. However,
the growth rate fails to increase with atomic-H. This may be attributable to a decrease in
concentration of CH, radicals as compared to H radical, corresponding with optical emission
intensity measured by OES shown in Figure 5.31. When H radical increased, the concentration of
CH, radicals became low. Consequently, the rate reaction constant for the loss reaction
CH, + H — CH, was much higher than that for the generation reaction CH,+H — CH, + H,. The
lifetime of CH, radicals decreases with increasing atomic H [30, 39]. The shorter lifetime of CH,
radicals also makes CH, radicals in gas phase reduce. By the usage of film characterizations and
plasma diagnoses, it can be interpreted that electron density promotes H radicals but lowers ratio
of the hydrocarbon species absorbed on the surface to H radicals in the gas phase. Increasing
electron density serves to enhance the H radical concentration, facilitating a rise in etching of sp2
carbon and a drop of renucleation rate. Thus, at the higher electron density in the plasma, the
NCD films with large grain size and high film quality can be formed due to the greater of H
radical concentration but the growth rate is discourage due to the lowering of CH, radical

concentration.
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5.6.4 Summary

Nanodiamond film growth was carried out at two modes of plasma: low- and high- n,. The
mode of plasma was altered by varying plasma impedance with a matching system. FE-SEM
images showed cluster sizes of the film grown at high- n, mode were greater than that at low-n,
mode. The increasing n_ increased the atomic-H concentration that encouraged an increase in
hydrogen-etching process and a reduction in rate of renucleation process. Raman spectra showed
the shifting of d-peak from 1325 em with a linewidth of 40 cm" to 1328.5cm’ with a linewidth
of 19 cm’ that corresponded to grain-size increment and the sp2 carbon matrix decrement. From
white light reflectance spectra, the refractive index increased from 1.84 to 2.16 after the plasma
was changed to operate in high-electron density mode. Based on film characterizations and
plasma diagnosis, the results clarified the dependence of film properties and plasma chemistry on
the plasma impedance. The plasma impedance acted as an agent of plasma chemistry and an
electrical load of microwave circuit in the microwave plasma apparatus. Therefore, the varying

plasma impedance changed electron density and radicals in the gas-phase environment.

5.7 Methane concentration on Phase Transformation of NCD Films

In conventional diamond growth for MCD, typical deposition conditions involve the use of
a dilute concentration of CH, in highly relative concentrations of H, (up to 99%). The NCD films
prepared by the MPECVD reactor can be performed by modifying the typical deposition
conditions in various ways: 1) by increasing the percentage of CH, from 10% and up to 50% [40-
42] 2) by applying negative bias on the substrate on which the film is deposited during the growth
[43, 44], or 3) by replacing H, with either Ar gas or N, gas [45-47]. These works reported the use
of high power more than 1000 W and up to 3 kW for the deposition. Indeed, it is difficult to
define even morphological and structural forms of the films due to the variation between
laboratories and even reactor configurations.

The purpose of this work is to study phase transition of the NCD films by adding CH,
concentration ranged between 1.5% and 4.0% into the gas mixture. The transition in phase from

NCD to ultrananocrystalline diamond (UNCD) can be observed in this CH, concentration range.
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A high diamond nucleation density is initially obtained by ultrasonically vibrating the substrate
surface. Although there have been many reports on the growth of diamond films by the MPECVD
system from the CH,/H, gas mixture. To our knowledge, it is the first report on the growth of
NCD and UNCD films at microwave power as low as 650 W using CH, concentration ranging
from 1.5% to 4.0% on Si substrates without the bias-enhanced nucleation step and the use of
argon gas or other special gas by MPECVD reactor.

In addition, the growth mechanism of the NCD and UNCD films is still unclear and lack of
understanding remains. Numerous published papers reported an increase in growth rate with CH,
concentration [17, 42, 48]; however, the data representation of gas-phase species of the deposition
environment disappeared. Originally, it was suggested that C, radical plays a major role in the
growth mechanism for the NCD and UNCD [49]. A lot of experiments [12, 50, 51] recently
showed that hydrocarbon radicals, including C, CH, CH, and CH,, are more significant growth
species than C, radicals. Nevertheless, this work also focuses on graphitization with specifying
morphological and structural changes compared to gas-phase species of the deposition
environment. Such gas-phase species, including electron density, were monitored via an optical
emission spectrometer and impedance analyzer. Relative concentrations of the gas-phase species
explain an average crystal size, morphology of the subsequent film, and the probability of a

renucleation event occurrence for the NCD and UNCD growth.

5.7.1 Design of Experiment

The p-type mirror-polished Si(100) wafer was still used as a substrate. The piranha
cleaning process was used to clean the substrates, and then cleaned them by the following clean
procedure as described in the section 3.2.1. The pretreatment of the substrate surface was
performed using an ultrasonic bath with a 0-3 pm diamond powder suspension in isopropanol for
3 h. Such 'the pretreatment method is useful for enhancement of the initial diamond nucleation
density.

The deposition was carried out under various CH, concentrations of 1.5%, 3.0%, 3.5%, and

4.0% by adjusting the flow rate of hydrogen to maintain a constant total flow rate of 200 sccm.
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The reactor pressure was 4 kPa. The gas flow rate and pressure can be controlled independently.
The absorbed microwave power measured by the impedance analyzer was around 650 W. Under
these operating conditions, the substrate temperature was achieved by microwave induction
between 730 and 750 °C. The substrate was placed on a quartz holder and immersed in the
plasma. The thicknesses of deposited films were between 1.75 and 2.0 um.

In this experiment, an optical spectrometer and an impedance analyzer were used for in situ
and real-time measurements. The spectrometer (HR4000 OceanOptics) was used to measure
optical emission from the plasma. Simultaneously, the impedance analyzer was used to monitor
and measure impedance of the plasma. It provided further information on the relative changes of
electron density. In addition, the deposited films were characterized using field emission scanning
electron microscopy (FE-SEM: S-4700 Hitachi) and Raman spectroscopy (NT-MDT NTEGRA
spectra). The Raman measurements were performed at room temperature with argon-ion laser

excitation wavelength of 488 nm.

5.7.2 Surface Morphology and Structure of the Films

Figure 5.36 shows FE-SEM images of the films prepared under various CH,
concentrations: 1.5%, 3.0%, 3.5%, and 4.0%. The morphology of the film dramatically changes
when the CH, concentration increases from 1.5% to 3.0%. At the CH, concentrations of 3.5% and
4.0%, the film surfaces become smoother and form clusters. The clusters were composed of very

fine grains and the cluster boundaries can be identified.
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the reactor wall. The lowering of the emission intensities for CH and CH" radicals as compared
with C, radical was obviously observed after CH, concentration greater than 3.0%. As reported by
Rabeau et al. [50] and Fox et al. [12], the relative changes for the optical emission intensities
measured by optical emission spectroscopy (OES) correspond with those for the gas-phase
species density measured by cavity ring-down spectroscopy. Although OES could not provide
quantitative information, the emission spectra are still carried out to confirm the relationship
between the changes in density of gas-phase species.

From Figure 5.41 and Figure 5.42, the relative changes for electron density are a function
of the CH, concentration similar to that for the emission intensity ratios of hydrocarbon and
atomic H to C,. This behavior implies that the trend of electron density examined from the
measurements of plasma impedance can be used to predict the relative changes of not only H-
radical but also the relative changes of the ratios of hydrocarbon species and atomic H to C,.

Regarding to the NCD and UNCD growth mechanisms described by May et al., [14, 59],
hence we suppose that C, hydrocarbon radicals (CH,, CH, , CH and C atoms) are precursors of
sp3 diamond phase but the other reactive hydrocarbon species of C,H, (C,,C,H , etc.) are unlikely
to be responsible for the diamond growth. The species of C,H, influence the renucleation rate of
the NCD and UNCD deposition process.

The correlation between the films grown (Figure 5.37 and Figure 5.38) and gas-phase
species in the plasma environments (Figure 5.41 and Figure 5.42) corresponds to the above-
mentioned growth mechanisms. For increasing CH, concentration, the growth rate fails to
increase while the ratios of C,/CH and C2/CH+ increase. These reverse tendencies indicate that the
greater density of C, radical relative to CH and CH' radicals does not enhance the growth of
UNCD phase. Therefore, C, radical cannot play a role in the growth mechanism of the UNCD
films while it influences the NCD phase in transition to UNCD phase. That greater density of C,
enhances the opportunity to create a strongly-bonded defect on the surface. In addition, the
decrease in atomic H with CH, addition, resulting in a reduction of the growth rates, enhances the

defect being non-etchable from the surface. Such surface defect promotes a renucleation rate
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leading to a decrease in the crystallite size, increase in the grain boundary and film is grown
without columnar structure. Consequently, the films with smaller grain size, smoother and
uniform top surface morphology, and higher degree of sp2 carbon content can be prepared from

the high CH, concentrations.

5.7.4 Summary

This experiment focused on the influence of CH, concentration ranging from 1.5% to 4.0%
on the nanostructure of diamond films and gas-phase species in the plasma. The films were
prepared using a CH,/H, gas mixture at microwave power as low as 650 W. The FE-SEM images
and Raman spectra showed that the increasing CH, concentration from 1.5% to 4.0% can change
the morphology and structure of the films from NCD to UNCD phase and the growth rate failed
to increase, from a value of ~300 nm/h for 1.5% CH, to ~210 nm/h for 4.0% CH,. OES and the
plasma-impedance measurement showed that, by increasing CH, concentration, the density for C,
species was higher than that for CH species while electron density decreased. The decreasing
electron density reduced atomic-H and CH radical in the plasma environment.

My experimental results clarified that correlation between materials grown and gas-phase
species, including electron density, present in the gas-phase environment is more important to
identify the species driving the mechanism of deposition process. The mechanism for NCD and
UNCD deposition was seen as the competition among diamond deposition, etching, and
renucleation. The CH radical could play a role in the growth mechanism. The atomic-H led to the
etching of non-diamond phase and protected a renucleation occurrence. The reverse tendencies
between the C,/CH and CZ/CH+ ratios and the growth rate revealed that the C, radical did not play
a role in the growth mechanism but it promoted the renucleation rate. The promoted renucleation
rate caused a decrease in the diamond crystal size, increase in the grain boundary, and film grown
with no columnar structure. The elevated CH, concentration can induce the phase transition from

NCD to UNCD.
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CHAPTER 6

CONCLUSION

In conclusion, the microwave plasma-enhanced chemical vapor deposition reactor has
been constructed at Surface Physics and Laser Laboratory, Department of Physics, King
Mongkut’s Institute of Technology Ladkrabang. The purpose-designed and built MPECVD
reactor is composed of three parts: a plasma reactor for precursor vapor production and
deposition, a part for the microwave power generation and transfer of the power to the reactor,
and a gas injection and pressure control system. It is successfully used to grow of NCD films. All
NCD films are deposited using a CH,/H, gas mixture and on Si(100) substrate. The factors
influencing the morphology and atomic-bonding of the films are studied. These factors are
surface-pretreatment method, two-step approach deposition, reactor pressure, value of plasma

impedance, and methane concentration.

6.1 Nucleation and Growth Dynamics of Diamond Films

This thesis firstly focused surface studies of the kinetics of diamond nucleation and growth
process on Si(100) substrate. Three kinds of mirror-polished Si wafer substrates were used as
follows: non-polishing, ultrasonic polishing with 0-3 micro-size diamond powder suspended in
isopropyl, and manual polishing with 0-1/2 micro-size diamond powder mixed in minute
isopropyl. The time dependence also studies; the nucleation decreased but particle size increased
due to the surface diffusion and the merging of the nucleated particle. FE-SEM images indicated
that the diamond film with the formation continuous and high quality has been obtained by
pretreatement of surface with manual polishing. This provided a guideline to do research on the

diamond film growth by the propose-built MPECVD apparatus.

6.2 Two-step Approach Deposition Process

This deposition process has influenced the morphology and compositions of the
nanostructured diamond films. The two-step process was done by changing methane
concentration. It consisted of a first step with 2%CH, and a second step with 1%CH,. The higher
CH, concentration for the first step encouraged nucleation density and the lower CH,
concentration for the second step enhanced the quality of the films. For the single-step process

with 1%CH,, the film morphology showed individual nodules resulting in the low light
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reflectance. The enhanced diamond nucleation kinetics on the substrate surface with the two-step
processes developed more uniform and much smoother diamond films as well as the higher light
reflectance. Compared with the single-step process with 2%CH,, the two-step process showed
more enhancements of an increase in grain boundaries and a decrease in spz-bonded carbon
content. My experimental results suggest that the two-step process leaded to the fabrication of the
NCD films with a large number of grain boundaries as well as a lowering of graphitic impurities.
In addition, the nanocrystalline columnar-structured diamond film can be grown by the two-step

process.

6.3 Reactor Pressure on NCD Films

This thesis also focused the influence of reactor pressure on the morphology, growth rate,
grain size, atomic-bonding structure, and optical properties of NCD films as well as the gas-phase
species, including electron density, in plasma. The NCD films were prepared by a MPECVD
technique with CH/H, precursor mixture and two-step approach. Before the beginning of
deposition, the Si(100) substrate surface was also cleaned by in situ H,-plasma. The deposition
for the films was performed under reactor pressures of 1, 2, 5, 9, and 25 kPa.

As the reactor pressure increased, the surface smoothness and diamond grain size of the
films increased while amorphous carbon content decreased. The pressure influenced the refractive
index of the NCD films: 2.38 for 25 kPa, 2.21 for 9 kPa and 2.16 for 5 kPa. However, the NCD
films grown under 1 and 2 kPa were highly light absorbing materials. The growth rates rapidly
decreased from 370 to 320 nm/h when the reactor pressure increased from 1 to 2 kPa. As the
pressure increased to 9 kPa, the growth rate rapidly increased to 460 nm/h and then decreased
with a much slow rate after 9 kPa.

Correlation between materials grown and gas-phase species present in the plasma is
important to identify the species driving the process mechanism. The growth rates were in inverse
proportion to the n, relative changes extracted from measurements of plasma impedance in the
H,-plasma step. However, they directly related to the I(CH)/I(HB) ratio in the nucleation step.
These behaviors revealed that the surface-coverage fraction of H radicals occurring during the H,-
plasma cleaning step and the density ratio of CH, radical to H radical for the nucleation step were
important to determine the growth rate of the film deposition. Furthermore, the diamond grain

size and sp3 carbon content in the films strongly depended on the I(CH)/I(HB) ratio for the growth
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step. This result confirms that C, hydrocarbon radicals were precursors of sp3 diamond phase for
the growth of diamond.

The reactor pressure influenced not only concentration of the decomposed radicals but also
the coverage fraction of the radicals on the growth surface. The concentration of the radicals and
the surface-coverage fraction of radicals manipulated diamond growth kinetics. Generally, the
concentration of the decomposed radicals, including H and CH, radicals, are proportional to the
reactor pressure. Those radicals increased not only growth rate but also sp3 carbon content in the
films. However, only increasing CH, radicals in the gas led to more grain boundaries, sp2 carbon

content, and phase transition unless the atomic-H density increased as well.

6.4 Plasma Impedance Tuning Effect on Nanostructured Diamond Films

Nanodiamond film growth was carried out under different plasma impedance that caused
the plasma become low and high electron density for plasmas. The impedance was altered by
adjusting insertion depths of the three-stub tuner. FE-SEM images showed cluster sizes of the
film grown under the high n, condition were greater than that under low n, condition. The
increasing n,_ increased the atomic-H concentration that encouraged an increase in hydrogen-
etching process and a reduction in rate of renucleation process. Raman spectra showed the
shifting of d-peak from 1325 cm” with a linewidth of 40 cm™' to 1328.5 cm’' with a linewidth of
19 cm’ that corresponded to grain-size increment and the sp2 carbon matrix decrement. From
white light reflectance spectra, the refractive index increased from 1.84 to 2.16 after the plasma
was changed to operate in high-electron density mode.

Based on film characterizations and plasma diagnosis, the correlation between films grown
and gas species present in the gas-phase environment was an important step in identify the
primary growth species. The relative concentration of those species, including electron and
hydrocarbon species, close to the growing surface explained an average crystal size, morphology
of the subsequent film, and the probability of a renucleation event occurrence. Consequently,
changing in plasma impedance acting as an agent of plasma chemistry influenced the morphology

and structure of the nanodiamond films.

6.5 Methane Concentration on Phase Transformation of NCD Films

This thesis also focused on the influence of CH, concentration ranging between 1.5% and

4.0% on the nanostructure of diamond films and gas-phase species in the plasma. The films were .
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prepared from using a CH,/H, gas mixture at microwave power as low as 650 W. FE-SEM
images and Raman spectra showed that the increasing CH, concentration from 1.5% to 4.0% can
change the morphology and structure of the films from NCD to UNCD phase and the growth rate
failed to increase, from a value of ~300 nm/h for 1.5% CH, to ~210 nm/h for 4.0% CH,. OES and
the plasma-impedance measurement showed that, by increasing CH, concentration, the density
for C, species was higher than that for CH species while electron density decreased. The
decreasing electron density reduced atomic-H and CH radical in the plasma environment.

My experimental results clarified that correlation between materials grown and gas-phase
species, including electron density, present in the gas-phase environment is more important to
identify the species driving the mechanism of deposition process. The mechanism for NCD and
UNCD deposition was seen as the competition among diamond deposition, etching, and
renucleation. The CH radical could play a role in the growth mechanism. The atomic-H led to the
etching of non-diamond phase and protected a renucleation occurrence. The reverse tendencies
between the C,/CH and CZ/CH+ ratios and the growth rate revealed that the C, radical did not play
a role in the growth mechanism but it promoted the renucleation rate. The promoted renucleation
rate caused a decrease in the diamond crystal size, increase in the grain boundary, and film grown
with no columnar structure. The elevated CH, concentration induced the phase transition from

NCD to UNCD.
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Abstract. The morphology and optical properties of nanostructured diamond films affected by the
two-step deposition process with changing CH4 concentration were investigated. The CHa
concentration was 1% for the first step and 2% for the second step. The films were prepared by
chemical vapor deposition in a microwave plasma reactor thh a CHy/H; gas mixture.
Nanocrystalline columnar-structured diamond film with lowering of sp %-bonded carbon content was
achieved by the two-step deposition process. Unlike that of the single-step process with 1%CHy, the
two-step process promoted the morphology to more uniform and smoother film. The two-step
process increased the higher grain boundary as well as decreased the sp %-bonded carbon content in
the film, as compared with the single-step process with 2%CH,.

Introduction

Diamond films have become an increasing attention material because of their extreme and in many
case superlative properties [1]. The particular nanocrystalline diamond (NCD) films have been
identified as a potentially useful material due to their excellent mechanical and optical properties as
well as their high surface areas [2]. They are also non-toxic, which makes them well suited to
biomedical applications [3]. Depending on the morphology and amount of sp, the NCD films show
an important for specific applications.

The desired morphology combined with controlled composition of NCD films greatly depends
on the conditions for nucleation and growth steps [4]. The deposition at specific deposition regimes
enhances diamond nucleation although diamond quality is not necessarily favored. Therefore, a
two-step deposition process is an interesting process. There are several means of operation of the
two-step deposition process for each step: by means of using negative bias enhance nucleation,
changing CH, concentration, and/or changing the deposition pressure in the growth step [5]. The
two-step deposition process involves an initial rapid nucleation rate and subsequent high-quality
growth. In condition of the high rate of secondary nucleation density that occurs during process is
very high; the NCD films can be formed [6]. Such NCD films are grown with a significant
renucleation rate and seem to form in an H-depleted deposition zone. Indeed, that reason for NCD
film formation is major to vary of the design even CVD reactors [1]. It is worthwhile for growth of
NCD films from a traditional CH4/H, gas mixture without the use of Argon gas or other special
inert gas or high concentration of CH,. Therefore, the two-step process that uses different CHy
concentrations between the two steps is an interesting process.

In the present, we investigate enhancement of the two-step deposition process by changing CH,
concentration on morphology, structure, and optical properties of the deposited films. For the
investigation, three film samples were prepared by microwave plasma-assisted CVD (MPACVD)
system. Two of them were prepared by the single-step process with CHy4 concentrations of 1% and
2%. One of them was prepared by the two-step process. The effect of the two-step deposition
process on morphology, structure, and optical properties of the deposited film will be discussed.
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Summary

This work focused on the effect of the two-step deposition process on the morphology and
compositions of the nanostructured diamond films. The two-step process was done by changing
methane concentration. It consisted of a first step with 2%CH, and a second step with 1%CH,. The
higher CH,4 concentration for the first step encouraged nucleation density and the lower CH,4
concentration for the second step enhanced the quality of the films. For the single-step process with
1%CH,, the film morphology showed individual nodules resulting in the low light reflectance. The
enhanced diamond nucleation kinetics .on the substrate surface with the two-step processes
developed more uniform and much smoother diamond films as well as the higher light reflectance.
Compared with the smgle-step process with 2%CH,4, the two- step process showed more
enhancements of an increase in grain boundaries and a decrease in sp %_bonded carbon content. Qur
experimental results suggest that the two-step process leads to the fabrication of the NCD films with
a large number of grain boundaries as well as a lowering of graphitic impurities. In addition, the
nanocrytalline columnar-structured diamond film can be grown by the two-step process.
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Abstract. The morphology, growth rate and atomic-bonding structure of nanocrystalline diamond
films deposited on Si substrates were investigated under various pressures of the reactor. The films
were deposited by CHy/H; microwave plasma with two-step deposition and Hj-plasma cleaning
processes. The pressures of 1, 2, 5, 9, and 25 kPa were used for deposition. In situ gas-phase species,
including electron density, were monitored by an optical spectrometer and impedance analyzer. The
films were characterized by SEM, Raman microscope, and white light reflectrometer. When the
pressure increased, the surface smoothness and diamond grain size increased, amorphous carbon
content decreased, and the intensity ratio of CH/Hg for the growth step increased. The growth rate
was in proportional to the ratio of CH/Hp for the nucleation step but in inverse proportion to the
electron density. The growth rates decreased from 370 nm/h for 1 kPa to 320 nm/h for 2 kPa. After
that, the growth rate rapidly increased to 460 nm/h for 9 kPa, but it gradually decreased to 450 nm/h
for 25 kPa. The film refractive indices were 2.16 for 5 kPa, 2.21 for 9 kPa, and 2.38 for 25 kPa. The
films grown under 1 and 2 kPa showed highly light absorption.

Introduction

Nanocrystalline diamond (NCD) films have appeared as an innovative material in many applications
for their many advantages: advanced combination of intrinsic properties like smooth surface,
excellent optical, mechanical and thermal properties, bio-compatibility and chemical inertness [1,2].
The NCD films, which consist of a quantum-sized network of diamond nanocrystals and amorphous
carbon matrix, are the novel form of microcrystalline diamond films.

A number of deposition techniques [3] have been used to deposit NCD films. Each deposition
technique provides particular forms of the NCD films, differing in terms of diamond particle size,
grain boundary nature, amorphous or graphitic matrix, and morphological, structural and optical
properties. The film properties also depend on the deposition parameters, resulting in different type of
NCD films. Haitao Ye et al. [4] have been conducted orthogonal experiments to optimize the
processing conditions. These orthogonal experiments predict that the total pressure is the most
significant parameter. A few publication reports effect of pressure on NCD films grown by
microwave plasma-enhanced chemical vapor deposition (MPECVD) technique, although MPEVCD
is one of the most popular techniques for preparing NCD films.

In this work, we focus the influence of reactor pressure on NCD films prepared by a MPECVD
technique in CH4/H, gas mixture with a two-step deposition process. The two-step process is
necessary for diamond film deposition because the energy for the diamond nucleation is not the same
as for the diamond growth. This two-step deposition applied for better surface roughness of the films
and nucleation density was performed with the higher concentration of CH, in a CH4/H; gas mixture
for the nucleation step than for the growth step. The NCD films obtained under different reactor
pressures were characterized by field emission scanning electron microscopy (FE-SEM), Raman
spectroscopy, and white light reflectrometry. In addition, gas-phase species in the plasma were
monitored by an optical emission spectrometer. Plasma impedance was monitored and measured by
an impedance analyzer. The measured plasma-impedance has provided electron density in the plasma.
Correlation between NCD films grown and gas-phase species, including electron density, present in
the plasma will be discussed.
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Experimental

CVD Reactor. The diamond films were performed in a MPECVD bell jar reactor. A 900 W
air-cooled magnetron with frequencies of 2.45 GHz was coupled to a WR340 rectangular waveguide.
A mode converter being a section of a purpose-designed cylindrical waveguide couples microwave
energy from the rectangular waveguide into the reactor by an antenna. A quartz bell jar with 45 mm in
diameter and a height of 90 mm was used as a plasma reactor. It was placed on a stainless steel based
plate and then attached to the cylindrical waveguide. This MPECVD system also consisted of an
impedance analyzer (HOMER-Series STHT V 1.5, S-TEAM Lab), including a matching system. The
impedance analyzer was included in the section of the rectangular waveguide and controlled via
S-TEAM Homer Windows Visualization and Control software, named Homsoft.

Deposition. The p-type mirror-polished Si(100) wafer was used as a substrate. A pretreatment of
the substrate surface was performed by mechanical polishing with a 0-0.5 pm diamond powder
suspended in isopropanol for 1 h. Before deposition, H, plasma was introduced to clean the substrate
surface for 20 min with a flow rate of 200 sccm. Then CH, gas was introduced to begin the deposition
process. The deposition with two-step approach was carried out under various reactor pressures of 25,
9,5, 2, and 1 kPa. The two-step deposition process consisted of a nucleation step and a growth step. It
was performed by decreasing CHy4 concentration from 2% for the nucleation step to 0.9% for the
growth step. The process time was 15 min for the nucleation step and 6 h for the growth step. The
total gas flow rate was 200 sccm. The reactor pressure and flow rate can be controlled independently.
The absorbed microwave power measured by the impedance analyzer was around 720 W. Under
these operating conditions, the substrate temperature was achieved by microwave induction around
850°C. The substrate was placed on a quartz holder and immersed in the plasma.

Plasma Monitor and Material Characterization. To clarify the correlation between gas-phase
species in the plasma and the morphology and atomic-bonding structure of the deposited films, we
used a spectrometer (HR4000 OceanOptics) and an impedance analyzer. The spectrometer was used
to measure in situ optical emission intensities of gas-phase species from the plasma. Simultaneously,
the impedance analyzer was used to monitor and measure in situ impedance of the plasma. It provided
further information on the relative changes of electron density. The morphology, thickness, and
lateral structure of the films were investigated by FE-SEM (Hitachi S-4700). The bonding structures
were characterized by micro-Raman (Renishaw inVia Raman microscope) using an Ar-ion laser with
wavelength of 514.5 nm. Optical properties were examined by reflectance measurements with a
laboratory set-up for a visible light reflectometer.

Results and Discussion

SEM Analysis. FE-SEM images permit detailed observation of NCD film morphologies as a
function of the reactor pressure ranging from 1 to 25 kPa, as shown in Figs. 1(a) - 1(e). The SEM
cross-section images show in insets of Fig. 1. The crystallite size was estimated by inspecting SEM
images. All films have crystallite size < 50 nm. The surface morphologies of the films grown at 1 and
2 kPa were rougher than that of the films grown at other pressures. These resulted from the higher
kinetic energy of species arriving at the growth surface. The morphologies of the films grown at 1 and
2 kPa are similar to those of UNCD films as reported by May and Mankelevich [5]. They also show
that the surface morphologies for UNCD films prepared by the MPCVD technique are much rougher
than that for UNCD films prepared by the hot filament-CVD technique.

The growth rates plotted as a function of the pressure are shown in Fig. 2. The growth rate was
calculated by the film thickness divided by the growth time. The curve of the growth rates can be
divided into three parts. The growth rates rapidly decreased from 370 to 320 nm/h when the reactor
pressure increased from 1 to 2 kPa. After the further increase in the pressure, the growth rate rapidly
increased to 460 nm/h for 9 kPa, and then it gradually decreased to 450 nm/h for 25 kPa.
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smoothness and diamond grain size of the films increased while amorphous carbon content
decreased. The pressure influenced the refractive index of the NCD films: 2.38 for 25 kPa, 2.21 for 9
kPa and 2.16 for 5 kPa. However, the NCD films grown under 1 and 2 kPa provided highly light
absorption. The growth rates rapidly decreased from 370 to 320 nm/h when the reactor pressure
increased from 1 to 2 kPa. As the pressure increased to 9 kPa, the growth rate rapidly increased to 460
nm/h and then decreased with a much slow rate after 9 kPa.

Correlation between materials grown and gas-phase species present in the plasma is important to
identify the species driving the process mechanism. The growth rates were in inverse proportion to
the n. relative changes extracted from measurements of plasma impedance in the Hp-plasma step.
However, they directly related to the I(CH)/I(Hg) ratio in the nucleation step. These behaviors
revealed that the surface-coverage fraction of H radicals occurring during the H-plasma cleaning
step and the density ratio of CH radical to H radical for the nucleation step were 1mponant to
determine the growth rate of the film deposition. Furthermore, the diamond grain size and sp° carbon
content in the films strongly depended on the I(CH)/I(Hp) ratlo for the growth step. This result
confirmed that C; hydrocarbon radicals were precursors of sp° diamond phase for the growth of
diamond.

The reactor pressure influenced not only concentration of the decomposed radicals but also the
coverage fraction of the radicals on the growth surface. The concentration of the radicals and the
surface-coverage fraction of radicals manipulated diamond growth kinetics. Generally, the
concentration of the decomposed radicals, including H and CHy radicals, are proportional to the
reactor pressure. Those radicals increased not only growth rate but also sp carbon content in the
films. However, only increasing CH, radicals in the gas led to more grain boundaries, sp> carbon
content, and phase transition unless the atomic-H density increased as well.
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